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s~rrurric APPWACIIES TO MIXZD—VALENCE CMC1ISTP~Y

David B. Brown and James T. Wroblesl( j*

Department of Chemistry , t~niversity of Vermont,Burlington , Vermont 03405 , LTSA

ABSTRACT

Several preparativ , route s to uLi.ce d—v alence materials have
been examined and the effect of the syr~t hetic var iables discus.ed .
It has been shown that solubility is a dominant fac tor  in the
successful. isolation of many such materials. Solubl e met al
cluster cornplexes are susceptibLe to sequential oxidation/reduc—
tion reactions which lead to nix.d—valertc. clusters, and the
importance and utility of electrochemical ~aasurenents in the
preparation and understitnding of these cluster . is discussed . The
preparation of mixed—valence polymers by solid—siace reactions and
by polymer growt h techniques has been examined , and th. types of
behavior exhibited are shown to be explicable using arguments
derived from the ther~odynamics of solutions.

1~TRODVCT ION

The history of mixed—valence che~istry dates to the begin—
r.ir.gs of coordination chemistry, since th. first reported .ynt~e-ii. of a coordination compound involved a mixed—valence material.
Ia 1704 Diesbach of Berlin , varioualy described as a chemist and
an arti st , prepare d P r ussian Blue by heating an imal refuse and

j sodium carbonate together in an iron pot (1). A detailed prep~ —
ration of Prussian Blue (2) and evidence denonstrating that it
was an iron complex (3) were published in 1724. A short .xtorpt
from that preparation (2) is reproduced below.
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Take 6 oz. of crude tartar and 4 oz. of dried crude
mitre; powder than minutely and mix. Detonate than
with charcoa l , and you then have 4 oz. of extempo ra-
neous alkali. Wh ile this salt is still hot it is
f inely powdered and 4 oz. of well—dried and finely
powdered ox blood is added . .

Although modern synthetic work Lit mixed—valence chemistry rare ly
uses ox blood, the same basic pr oceas——serendipi ty or , depending
on one ’s perspective , accident—is still responsible for the
majority of the preparations of mixed—valence material..

Because the ubiquity and importance of mixed—valence com-
pounds were not generally recognized un t il 1967, when Robin and
Day (4) and Hush (5) pubiishe~1 their reviews of the area , it isnot surprising that at that point there had been little systematic
effort in the synthesis of such materials. Although this situ-
ation has changed in the past decade, few general treatments of
the prep arative aspects of mixed—valence chemistry have been
published . Certain aspect s of the field , such as the preparation
of highly conducting one—d imensional solids and the design and
synthesis of mixed—vale nce clusters , have been surveyed (6) .

In this paper we hope to demonstrate that there are certain
features cor on to the formation of stable or isolable mixed—
valence conpounda and that routes to such species need not be
capricious. Our e~phasis will not be so much on how to m a e
particular compounds, but rather on the parameters which must be
considered in the design of synthetic routes and on the competing
reac t ions which nay occur. A variety of factors , includ ing the
extent of interaction between adjacent sites , redox potential
differences , solubility , and the availability of suitable precur-
sors and oxidizing or reducing agents , dictate the success of an
attempted preparation of a mixed—valence material, and the extent
to which these factors can be controlled will be discussed .
Following a brief discussion of systems where synthesis is either
trivial or beyond th. control of the synthesizer , we will, concen-
trate on two types of mixed—valence material . First are those
systems containing discrete molecular entities , clusters , where
electrons can be added or subtracted sequentially and where ,
because solubility allows , the full range of synthetic techniques
may be utilized . The second catego ry includes polymeric systems
which require incorporation of species of variable oxidation state
within the growing poly mer net or else solid—state transformations
of a singly— to a mixed—va]ent species. The approach throughout
this paper will be to seek generalizationt which may p rove to be
useful while cons idering the synthesis of new mixed—valence
materials.

We have made no effort to be comprehensive, or to survey the
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entire field of mixed—valence synthesis , for indeed it is still
tru that there are nearly as many different  preparative routes
to mixed—valence compounds as there ar e mixed—valence compounds .

PREPAMTION BY PRECIPITArION

Xany mixed—valence compounds have been isolated only because,
under the conditions of a particular rea ction , they are the least
soluble species present . In an equilibrium involving singly— end
mixed—valent species , it is not necessary (for synthetic purpose.)
that the mixed—vale nce complex be the thermodynamically most
stable material , e .g. ,  that it dominate the equilibrium. Rather ,
if the proper conditions——su ch as solvent , temperature , and
counterion—preva il, then the equilibrium may often be distorted ;
by precipitation of the desired component . One consequence of
this is that a virtually unlimited number of mixed—valence corn—
pounds could probably be prepared with relatively little synthetic
e f fo r t .  A simple example of this is shown in eq 1:

+2 —2 14,0 u ivPt(N143
)4 (aq) + PtCl6 (aqY..2mr-Pt (~R3)4Pt C16(s) (1)

Mixing aq ’zeoua solutions of the Pc(II) cation and the Pt(IV) anion
leads to the it~ ediate precipitati~~ of the mixed—valence product .
There is no apparent interaction among the sites in this coopot.rtd,
and it is probable that the properties of most materials prepared
in this fashion will be relatively uninteresting,  typically
exhibiting this Robin and Day Class I behavior.

Sot all mixed—valence materials prepared by simple precipi—
tatio n reactio ns are themselves trivial , and many demonstrate
significan t interactions among the ions of different oxidation
state. This will in general be tr~e if Lewis acid—base inter—
actions amon g the components are possible , and is particularly
probab le if ligait d—br idg.d metal ions can be formed. A notable
example of this is the formation of Prussian Blue from aqueous
solutions of ferr ic and ferrocyanide ions (eq 2). The catio n

Fe ’3 (aq) + Pe (CN)~~ (aq)-sP -Fe4(Fe (CN)6]3(s) (2)

present , Fe(H20) 3, is labile to substitution, and hence behaves
as a Lewis acid with respect to the Lewis base , the nitrogen atoms
of the cyanide ligands in ferrocyanide. The resulting compound
ha.. Fe92 and Fe~

3 sites linked by cyanide bridges, and thus allows
the intervalence transfer which is responsible for the character—
istic color of Prussian Blue (7) .  As in the case of Prussian
Blue , precipitation may be accompanied by substitution reactions,
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and other coincident reactions are possible. For example , this
same Prussian Blue may be prepared by reaction of aqueous ferrous
and fer r icyanide io~.s. In this case, precipitati on is accompanied
not only by substitution but also by valence interchange.

The complexity of the equilibria which may be present in
solution , and hence the difficulty in predicting or controlling
the ultimate products , is clearly demonstrated by the reactions
of manganese acetates in the presence of 2 , 2’ —bipyr idine (bipy)

or pyr idine (p y ) .  The controlled oxidation of !~i11(0Ac) 2 by
permanganate in the presence of bipy gives the mixed—valence
Nn(III,IV) ton , I. This same bipyrtdyl(III ,IV) dirn er is produced

0 
+((bipy)2 Hr( ~~~ (bipy)2) 
~

0

I

directly by the reaction of with bipy at pH — 4.5. However,
at low pH the dimsr is itself unstable to dispro port~onation to
[(bipy)2~~

t1
~ (OR 2)(0H))~

2 and a ~~(IV ,IV) dimer s) . In apparent
conera~t to this last result, reaction of bipy with be trimeric

u 3 -oxo—br id ged ~~ (III)  complex Ut~30(CR3C02)6(R2O)3]
’ in methanol,

followed by acidif ication , gives I in nearly quantitative yield3
(9). Although the se results are not readily predictable , t hey
are all compa t ible with a fair ly fa cile oxidation of ?~ (t It)  to
the mixed-valence ~~(III,IV) complex. The most surprising resul t ,
then , is that reaction of mangane se(III ) acetate , ?~~(H2O)2(CR3CO2)3
with pyridine gives reduction to the trimertc mixed-valence u 3—

oxo—bridged ~n ( It ,tII ,lII) complex ~tt3O( CH3CO2)6(Py )3 (10). The

apparently minor change of the ]igands from bipy to py leads to
seemingly very different stabilities for different oxidation
states.

THE SOLUTION PREPARATION OF OLIGO~!RIC MIXiD-VALE2~CE CO~~.EXES

Although the preceding examples would seem to suggest that
t he preparation of mixed-valence compounds is a rather arcane art ,
a lar ge numbe: of materials may be synth esized in a much more
rational , and predictable , fashion . In particular , transforrna—
tions involving soluble molecular species are not only frequently
successful , but also offer  great versat ility in synthetic proc .—
dure, in architectural t inkering, and in the examination of
chemical and physical properties. There has, consequently, been

-
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a great deal of successful effort directed toward the synthesis
and study of mixed—valence organometallic clusters, metal—metal
bonded clusters , and ligand—bridged oli~omers.

If th. mixed—valence cluster is stable , soluble , and struc-
turally comparable to a singly—valent analog, then its ~ynth eais
becomes relatively trivial, involving the selection of suitable
solvents and chemical or e1.ecrrochemic~l redox agents. Fortu—
natelv , the great activity in inorganic and , particularly. organo—
metallic chemistry during the past 25 years has produced vast
numbers of metal clusters which are potential precursors to mixed—
valence compo unds . The more fundamental problem in designing a
synth.sLs using one of these precursors is whether the mixed—
valence product will be a distinct , stable material . Its exist—
ence , compared to the fully oxidized or fully reduced species , is
dependent upon ~ts stability toward dtsproportionation, which in
turn is dependent upon Coulombic effects  Lnvolvthg the species as
a whole and also upon the extent and nature of the interact ion
between sites.

For simplicity, ye will c~~ s~~~ r a generalized cl uster, M2,
containing two natal ions which are susceptibl. to oxidat~on. 

+Removal of a single electron to form the mixed—va lence cluster N2occurs at potent ial E~ an~ rernoval of a second electron to form
+2

the fully—oxid ized conpiex occurs .it potential E 2.  (Because
our interest i3 p r in a z~~ y in potential differences, we wil l. gener—
ally use thermodynamic stan~.L~rd potentials , E’, and experimental
ha lf—wav e poten tt als , E~, interchangeably.) If the r.i~ed—valer.ce

cluster is to be the dominant spec ies at equilibrium , it is
necessar ; that E2 occur at a more positive potential than
(e.g., that the standard electrode potential for the reduction

~42+ e be large r than the standard electrode potential for
+ —

the reduction N2 ~ e Ni). Under such conditions the equilib-
rium distribution of he various species is governed by the Nernst

equation . Thus, th. stability of the mixed—valence complex , M~,
with respect to disproportionation is given by:

+ 
____2M2~~ 

_ 14
2 +X (3)

E E 1 - E 2

~
G _nFE

~~~~
RT ln K dis

log Kdis ~ 0.059
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The behavior of a particular system is strongly dependent upon

• the valu, of E. Because there has been much confusion on this
problem in the past, we will discuss , in a general way, the
behavior in three regimes, corresponding to E positive , near
zero, and negative. The discussion here will be confined to
sy etrical. clusters, ~~~~~~ where there is no difference in metal

sites. The same considerations will apply to unsymmetrical.
clusters ~*(‘ as well, but in those cases th. innate preference
for oxidation at a particular site will generally cause an
intrinsic potential difference corresponding to the case of E
negative.

On purely electrostatic grounds, a difference in potentials
for the loss of the first and second electrons is expected , since
the second electron leaves behind an ion of greater positive
char;. than does the first. In general, then, the mixed—valence
state is expected to hays some stability in clusters where both
fully reduced and full>’ oxidized forms exist. Added stability
may e<ist as a result of interaction between the sites within a
cluster. In a mixed valence system with trapped valences (X ,’~),interaction with the valence interchange state (Y,X) provides a
resonance or delocal.jzatjon energy which stabilizes the mixed—
valence state (11). The extent to which the excited state (Y,X)
is mixed into the groun d state (X ?), and hence the extent of the
resonance stabilization, is dependent upon the existence of suit-
able orbital pathways. Consequently, systems like bifarrocene

+5and (r(:~H3)5Ru]2(pyz)~ (pyz — pyrazi ne , C4114N2) ,  which have
aromatic moieties connecting the metal ion sites, are reasonable
candidates for stable ~i~xed—valancs systems. Indeed , for poly—
ferrocertes each of the ferrocene centers is separately oxidizable
to ferricinium at a distinct potential (12). Because the inter-
action between sites is potentially so strong, clusters with
direct metal—metal interaction or with single—atom bridges are
expected , and found , to yield a large number of mixed—valence
materials. Thus, oxide—bridged clusters , such as the “.anganese—
bipyridy]. compounds discussed above and the t~—oxo— tetraphenyl—
porphinatoiron (III,IV) clusters prepared by Hendrickson ( 13), are
examples of readily accessible , stable mixed—valence clusters.

~ecauae the success of the synthesis of a nixed —val ence
cluster from a singly—valent precursor is so strong ly dependent
upon the potentia ls of the re~ox e~uiltbria involved , •Lectr~—
chemical methods of invest iga ti on have been particularly u seful .
Electrochemical techniques have been wid ely used as both probes
and preparative tools in mixed—valence cluster chem~strv . Their
utility arises because tne potentials of electron transfer proc-
esses may be examined directly, providing inforratton regarding
the cxistence and stab ility of the mixed—valen:e clu.ter~.
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Ec— ..’ ~~E 0

Figure 1. Typical cyclic voltammegram for a simple oxidation.

Althou;h a great variety of electrochemical techniques are avail-
able, ye will limit discussion here to cyclic vo1ta~~.try.
Figure 1 shows a typical cyclic volta agram (CV) for a simple

• oxidation. Over the course of the experiment the potential is
swept in the direction indicated , f i rs t  positive and then ne~a—
tive. In the case of a simple oxidation uncomplicat.d by preced-
ing or succeeding chemistry , the current is controlled by a combi-
nation of thermodynamic (the Nernst equation) and kinetic (diffu-
sion) factors. Although the mathematics leading to a curve of
this shape can become rather complex , one feature of the curve is
particularly important for our purposes. For a reversible , ens—
electron transfer , the peak—to—peak separation Ea — Ec is 60 mV.
(E5 is the potential at the current maximum in the anodtc, or
oxidation, wave and E

~ 
is the corresponding potential for the

cathodic, or reduction, wave observed upon current reversal ) In
general , for in n—electron transfer process the pea& separation
is 60/n mV. Equivalent relationships involving n , the number of
electrons transferred in a redox process , are available for many
other eleetrochemical techniques. The implications of this rela—

• tion with respect to the existence of mixed—valence species will
be discussed below.

Figure 2 shows the cyclIc volca agram of biferrocene (12).
There are two distinct one—electron processes, corresponding t~

• 
— ,
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Figure 2 . Cy c l i c  vo .ta agran for the ox~~at i~n of biferrocene
in 1:1 (v/v) ~~2 c~2 —~~3c:: contathin~ C. 1 > .  TEAR .

Scan race 2C~ nV/ se c . (~ c~ rt~ z ’  of ~~~. 3. ~ev~r .)

oxidation of the ferro~is conp .~ :nd [2,2] to the m ix ed—vale nc e i~,n
(2 ,31 and , at a n~re positive te~ t~a., oxidation of this species
to the iron(1 ) ~3nplcx ~3,3]. T~~ ha~ f —i.~ave potentials of these
two processes are 0.31 V ~ir.d O .S3 V , respectively. As discusse~previously , the egui1~briun constant for the disproportionat ion
of th. mi xed— val ence ton can be ca1:~ lated , and is fourtd to be
1.7 x ~o 6 . Ia this case, then, the  n ed— ~a e ~ ce st at e  is a
stable one, and its prepara tion is facile. in principle , i~s
preparatio n nay be affected ustn~ any oxi~~izing agent vith a
potential larger than that of the first wave (0.31 V hare). if
the oxidizing agent has a pot*ntial greater than that of the
second wave , a stoichiometric amount must be added , otherwi se an
excess may be used . ~‘f course, controlled potar.tial electroly3is
may also be used as a preparative technique . In the particular
case of the biferroceae system , the mixed—valence complex h33
been prepar ed by oxidation with an excess of benzoquinone in the
presence of picric acid ( J e ) .  Direct synthetic advantage may be
taken if the dispropor:ionation equilibrium constant is snail.
Disproportionation of the Creutz and Taube ion, ([(RH ) Ru]
(pyzY , has ca . 10 , and tne ion has been prepared by

sinply mixing stoichiometric quantities of the fully oxidized and
fully reduced spec ies (15).

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ • ~~~~~



As the strength of the inceraccton between sites becomes
weaker, or as the distance between them becomes larger, the
difference in electrode potentials will become smeller. In the
lint: of very large separation between sites, even the electro—

• static contributIon to the potential difference becomes negli—
• gIble. Under these conditor.s, the isolation of the mixed—valence

state becomes much more problematic . For example , the ion

( ( b i p y Y ~C 1Ru(pyz )~~uCl(bipy) ,~ 
- ((2 ,2)) exhibits two one—electron

cyclic ~o.:.i~~etry waves in which it is successively oxidi:ed to
the n~.xe~f—val jnce ion [2,3) and the fully oxidized [ 3 ,3] state

• (16). The potential difference for these two processes is only
0.12 V . and the dispr opor ctonati~ n equil ibrium (eq 4) has K — 0.01.

K
‘~~~~

.. 
~ 1~~~— 

( .
~ ‘l  r i  ~~ I’

~~~~~~~ ~~~~~~L , — J  ~~ tJ ..’.

Alt  u~ h the nL.~cd—valence Ion is the dominant species, solutions
of it at e’uilibrium contain c~ . l3~ of the fully oxIdized and
Eully red~.ced ~~~ns•

• As the interaction between sites becomes weaker still , the
eiectrochen.jcaj behavior becomes more complex and the mixed—
valence cluster ceases to do~ iratc . For example , modifying the

• Creu t: and Ta~be conpiex by substitutIng 4,4’—b ipyrldine in place
• of pyrazi~’e leads to a cyclic vo ta~~agram exMbiting one wave

with a peak— :.—pea~ s.pdra:ion ~f 114 my . ThIs was interpreted
4 as being due tc~ the super~osttion of two cyclic vo1ta~~etr~ eaves

separated by between 35 ~~~ 75 nV , corresponding to a fairly
large disproportionation equilibrIum (17). In the extreme of
totally r.on—in:eraccl;.g centers , the microscopIc redox potential
for a given SIte is independent of the extent of oxidation of the
other molecular sites , and the formal redox potentials and
equilibrium constants are governed by statistical considerations.
Recent theoretical treatseat of this case has demonstrated that
for non—interacting sites the cyclic volta agra.n will have an
identical shape to that of the corresponding species with only a
sIngle redox—active site (15). The curves will differ only in
that the peak current a will be enhanced by the presence of
multiple electro~ctive centers . As in the single—electron case,
peak—to—peak separati~ns should retain the theoretical limit of

~0 nV.

A number of biferrocez-.es have been investigated using cy. 1 Ic
volta etry, an~ the effect of bridgIng ligar.ds u70fl the ext3tenct
of dIscrete mi;~ad—va1ence sItes I~ clearly discen~ib1e (19). F~’r
species of the type Il , separa te  one—electron waves ~re seen fcr
the parent compound biferrocene and when X is small (CH 2) or
electron ically delocali;ed (C!C). When X is large or unlikely to
propagate an effectiv, electronic interaction (X — Hg, CH

2
C~L)
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Fe Fe

or..y a single wave is ob~er:ed, with a peak current corr~sponding
to the passage of two eçuiv~len:s of e1ect~ I~i~~. Peak separa-
tions (and equivalent functions usin3 other e lectr ochemlcal  tech-
niques) were comparable for these systema and for  ferroce n e ,
demonstratIng that :~o sinultar,eous one—elec:r~’n rrocesses, r~ thcr
than a sin4e t~.o—eiectron proces~ , were cccur:Img. S~~Lla r
behavIor was observed In the electrochoni~ :r~ of pol~vInyiferro—
cenes (Id).

In these cases, where the .iifference In pot~n~ ials for the
two redox processes is zero , a ~tazIstical dlstrihu: io:~ of specIesprevails , and the ccuilibr fum Oonsti~t for dispr ‘:tlonation o
the ni~:ed—valence zr~ec1e:- Is ). 25. This v.~~ue a r i ses  h~ :ause t h t ~
ni~ ed—vale r . ce  l un  ha~ t w f c a the pr o~’ahI~~~ty of e i ther  of the twc
slngly—valent S~~CCi~~3. analo~oua to the statistIcal factor In
deprotona:ion of dtcarbox~IIc acids. The i~portan t consequences
of thIs value for the equllLbrium constant ha :e generally been
overlooked. ~f one equi~ iiert of oxidIz:~~ a.~er.t is a-~~ed to a
fui .y reduced two—metal c uster of thIs type, or if equal amounts
of the f -~L1y reduced and ful l :  oxid i red  form s are mixed , the
resultIng equilIbrIum mIxture ~ -ou d contain the nI::ed—va.lence
ion as the domInant (5~~) specIes. Such a species should cer—
tainly be susceptible to spectroscopl: characterIzation ar~d may
In fact be isolable. If a comb ination of solvent and counterlon
can be found with whIch the mIxed-valence ion is the least aoluble
species , then in princip e i~0Z yields of it nay ~e att alncl.There have apparently been few atte:pts to isolate or examine
mf~ed—valenc. complexes under such condi~.ions. It s~ oul~ h~
emphastze~ , ~‘oweve r ,  th at  t ie  c.’n:lusIon of.en roached——na~elv ,
that the ob~er:it ion of a sir.~ le electrochemlcal i:e Implies that
no st~ible mixed—valence species exIsts——is in general thcorroct.

The fInal case to consider , and the  sole exception to the
• last statenent , is the case whero E~ E?. This implies that , in -

an oxidation , it is easier to ronov~ the~ socond electron than the
first. This is clearly contrary to electrostatic predictions,

_ 
-
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and can only occur if removal of the first electron leads to some
electronic or molecular rearrangement which severely modifies the
properties of the system . In such cases the disproportioe.ation
equilibrium ii iavored (K ‘ 0.25) and the stixed—valent species is
a minor component of the equilibrium. As in the previous case ,
cyclic volta. dtry will exhIbit a single wave, but the peak—to—
peak. separation will be only 30 my (—60/n). It is thi, value
which distinguishes a two—electron transfer from two simultaneous
one—electron transfers. There are apparently few documented cases
of this phenomenon. Fenton et al. (20) have recently reported
the electrochemistry of a dicopper(II) macrocycle which undergoes
two one—electro n red uctions with identical potentials (e.g.,

— Ei) .  This implies a dlsproportionacion equilibrium constanc

K — 1. Since th~.s is larger than the statistical value of K —
0.25 , it implies that the second electron is in fact easier
(ther modynamIcally) to add than the first. Certain aryl. substi-
tuted ethy.er.es exhIbit a single two—electron oxidation wave ,
apparent l .  as the result of the relief of steric strain by bond
rotatIon following the inItIal oxidation (21).

Al thou;h th .s discussion has considered specifically only
the ruthenium amaine diners and the biferrocenes , i t  should be
clear that the sane considerations will apply to other soluble
clusters. The s’~nthesis ef a m ixed—valence cluster from its fully
oxiit:ed or reduced analog is primarily a matter  of selecting
suIta~~e redox reagents and solvents.

rr~E ?~E ’ARA IC~ OF POLY~~~UC ~t E~-VALE~CE ~1ATERt.\LS

Solub~.. mixed-valence complexes have a finite existence as
distinct n lecu.la:, or ionic , entIties. By contrast , the mate-
rials whIch wiLl be discussed in this section exIst only in the
solid state. Dissolution, to the extent that it occurs , invari-
ably involves either separation of the components of d i f f e ren t
fornaj. oxidation state or redox processes which regenerate singly—
valent species. Preparations of polyt2eric mixed—valence materials
must then involve eI th er  solid—state reactions or polymer growth
processes which incorporate tne species of variable char ge .
Clearly , the precip~tatjon reactions discuS3ed above fall into
this latter category. However, in many of the examp les previously
cited the driving forc. is the purely electrostatic interaction
between , e.g., a Pt(l )—containing cation and a Pt( V)—contatning
anion. In this section we will also consider the more complex -
cases—typified by K

2
Pt (CN)

43r0 3— -where ions of similar charge ,

but ccr.tainln; different oxidation states of a natal ion, aggre-
gate through covalent bonding interactions .

A rather diverse group of mixed—valence materials may be

1
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prepared by solid—state reaction techniques. Although solId—
state syntheses are particularly applicable to the preparation of
congruently—melting compounds such as b ronzes , certain ‘!agneli
phases , mioted—val.nce pt~rovskites and spinels, and vanadiu m—
phosphate glasses, it t-~ also possible to pr epare , by solI d—state
react ions , mixed—valence coordination and organonatallic com-
plexes. It is inst ru ctiv, to list some conceivable synthetic
techniques in order to gain an apprecIation for the varIety of
processes occurring in the solid state which may be applied to
the synthesis of nixed—velence compounds.

1. Binary or ternary transition—metal oxides or chalco—
genides may be prepared by fusing together mixtures of upper— and
lower—oxidation state conpoun~s, as in eq 5. The facility of

“FeO” + Fe,03 Fe304 (5)

thIs reac tion is demons tra ted by the fact that it occurs even
when the solid reactants are separated by an ionic filter, a~
shown in Figure 3. Oxide transport through the ionic Zr0 2 f i l t er
allows redox processes at both the Zr02/FeO and Zr02/Fe,03 inter-

faces , with formation of the mixed valence Fe304 at each (22).

Z .  Thermal decomposItion of singly—valent compounds often
leads to mLxed—valence species (23~ , as in eq 6. 0ccasi~na lly,

3a~~C ) + ~~~~~~~~~~~~~~~~ 
air 

~~ Ba 2 Bi 3Bi~
50 (5)3 2  l073’C 6

~~ .
_ 

1

~e0 /,/‘ Zv02
/ ( •N o  0) /

‘ Fe30~ 
2 F 304

~~~o~
2 _

~1’• o~ — c.304 • 2e 3Fe203 • 2. — 2F*304 .0
2

FIgure 3. Solid state formation of Fe 04 by oxide ion transportthrough an ionic filter . C~apleting the electro—
chemical cell by connecting the FeO and Fe203 endsallows the reaction to continue (22).

4
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partial thermal decomposition at ambient conditions can lead to a
mixture of singly— and nixed—valent materials. Thus, the electri-

cal conductivity of Cs B*C0U (N0 2)6 is higher , by approximately

five orders of magnItude , than that of analogs with other transi-
t ion metals. This higher conductivity has been ascribed (24) to
the generation of charge carriers by the solid state dispropor—
tionation of Co1t to Co1 and Co111

3. Photolysis of solIds (using either ultraviolet or high—
energy radiatIon) often involves electron—transfer processes
wnich generate di f fe ren t  oxidat Ion States of an element . Notable
examples of this are the color centers in many minerals and the
blue color (due to colloidal sodium) of rock salt (25). This is,
in general , a non—equilibrium situation itt which the kinetic
barrier to reconbinat lon cr reversal IS so high that long—lived
mixed—valence materials are formed.

4. The reaction of a singl.y—valent coordination compound
with an oxidl:ing or reducing atmosphere can produce mixed—
valence polymers, as in eq 7. These partial oxIdatIon processes

~i(iI)(dtmethylglyoxIme). + 12 
200 C

~i(I ,IIt) (d inethylglyoxime)I 
(7)

have been used extensively in recent years , with activity in thu
area motivated largely by the current interest in the preparation
of molecular metals (26).

The number and variety of materials which are , potentially,
ava ilab .e by these route~ is vast. Some useful preparative guide-
lines, b~sed on the general reactions of solids, may be gleaned
f r on s.~e” .~l excellent monographs and texts (27). These refer-
ences ?rovide useful information on both theoretical (kinetic)
and experi menta l (reactor design) considerations. They also are
excellent sources for such germane topics as phase transformation
kinetics and melting processes as wall as gaseous diffusion into
so lids.

It should be emphasized that although the majority of solid—
stat. s:—theses ~‘f mixed—v ete nce materials are based on stoichio —
me’ric consideration s (i.e., eq 5), occasionally sore surprisIng
ma:-~rIals are obtained by attemptin g to synthesize mixed—v sl.n ce
compounds from “correc t ” (s toi th io metric ) mixtures of reactant3.
For example , al th ough the Ba/EelS system contain.s a large number
of compounds vie:, “aneicipeted Fe42/Fe 43 and F./S 2 ratios , two
doubly—mixed-valence compo unds Ba4Fe2S6(S 213 (S 2)113) and Ba 3 6
Al0 4 F.2S6 (S 0 6 (S 2 ) 0 4 J were prepared (28) by reacting Ba3, Fe ,

~
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and S powders (and Al foils) at llOO C. The presence of both
sulf ide and disulfide anions in these materials (as in Covellin.,
“CuS” Cu~

’C42(S2),S2) (29) is a reflection of the propensity

of the cha tcogenides to form oligomers at high temperature, On
the other hand, KCu,S1 has been shown by single—crystal x—ray

—2an alysts to contain only S anions , which suggest s the formula-
tion KC4

1 Cu~
2S3 (30). Fo rmat ion of polyanions is also observad

in halogen chemistry, i.e., 1
3~ ~~~

, etc.

It is instructiv, to examine the thermodynamic factors
involved in the existence of polymeric mIxed—valence materials.
Figure 4 contains a Born—Haber cycle for the formation of possible
complexes between electron donor (D) and accep tor (A) moleculas.
Although as drawn Figure 6 is most appropriate for the constd’ra—
tt on of organic complexes simUar to those formed between tetra—
t h l o fu lvalene (TTT) and tetracyanoçuinoc.thethane (TCNQ) , similar

— 

D~~~q) ,A (q)

I lOfliZO ti O n u

/ 

A ~ (9)

o (g) , A (9) UMV 

-

\~‘0 A ( s )  ~~~~~~~~~~ 0 4 ( s)

0, 4

Ele rnents

Figure 6. Born—Haber cycle for the interaction of donor (D) and
acceptor (A) molecules, Calculations for the inter-
mediate , mixed-valence complexes require formatIon of
the imaginary , partially—ionized gaseous species.
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cycles can be constructed for 3ft)f material. The specific material
which will form is determined by the relative magnitudes of the
various ionizat ion energies and binding energies , U. The ioniza-
tion potential of ~ and the electron affinity of A (or quantities
related to them) are, in general, measurable, and, in principle ,
the binding energies U can be calculated. However , unlike the
simple ionic salts (e.g., NaCI) these calculations are distInctly
non—trivial. The structures generally contain segregated sta..ks
of and ~~~~ ratner than alternating ions , so that covalent
bonding terms ~~at be consliered , and simplifying assumptions
made in other cases are not valid here. Nonetheless , by account-
ing for a variety of sterIc and electronIc factors, calcu].ation~
of U~. and U 1 have been made (31), which agree reasonably v.1.1 with
experiment.

In the discussion which follows , we will assume that it is
possible to ca~.culate the free energy (rather than the enthalpy)
of formation for a donor—acceptor complex wIth any arbItrary
degree of charge transfer , using thermochemical schemes ~oncep tu —
ally similar to that in Figure 4 . It might then be possible to
calculate curves such as th.se shown in Figure 5, which show th~
variation in free energy of formation as a function of the degree
of cha rge t ransfer .  With some slight modifications these curve3
are also appropriate for exhibiting the varIa tion in f r ee energy
of reaction as a funct~~n of the extent of partial oxidation of a
metal complex by sctme external reagent . (For the purposes of
illustration we have arbitrarily chosen the energy of the complete

char ge—t :an sfor state , D+A , to be higher than that of DA. )
Assuming tha t there are no structural phase changes on proceeding
from the neutral to ionic extremes (a surprisingly reasona3le
assumption (32) in the case of materials analogous to TTF—T~NQ) ,
a smooth variation in energy results. We stress that our interest
here is in the general behavior of mat~ riais in mixed—val ence
states , and that our attempt to fit all of these cases into the
framework of a single diagram presents obvious problems in preci—
siott. Nonetheless , three types of energy variation, represented
by curves 1, 2, and 3 in Figure 5, should be possible, corres-
ponding to the cases where enthalpy terms are respectively un—
irnportant, repulsive , and attractive.

r It should be noted tha t these curves are similar to those
observed for the free energy of solutions of two components , and
indeed argu ments from the thermodynamics of solutions are appli-
cable her.. In the case of the partial oxidation reaction , as in
tne ideal solution , the free energy will be decr eased by entrop ic
factors. Thus, each added ion (f) can occupy a vast number of
sites , and in so doing greatly increase the en tropy of the syst em .
Thus , in the case where no significant new entha1 py terms are

I__
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E x t en t  of  Po r t i o~ Ox idation

ML M L X  M L X

DA D~
8A 8 D~A

Degree  of Charge Tronsfo r
Figure 5. Variation in free energy as a function of the extent

of char ge transfer in a donor—acceptor complex or as a
function of the degree of partial oxidation of a metal
complex.

introduced , curves similar to 1 must prevail. Calculations show ,
however, that the entropy ter mS will be small, and that the over—
all behavior of a parti cular system is likely to be dominated by
the enthalpy. Curve 1 represents the case where there is a mono—
tonic increase in free energy as a function of the degre. of
intramolecular charge transfer . (Fo r the ideal solution case ,
there should in fact be a shallow minimum near DA .) Zn the case
of the donor—acceptor interaction this correspond s to the exist-
ence of a single stable form (the neutral compound as drawn her o) ,
and is certainly the most co~~~n situation . In the case of a
partial oxidation reaction it corresponds to stoichiotnetric con-
trol , effectivel y the formation of a mixed—valence solid solution.
This situation prevails , for example, in the doping of poly—
acetylenes with halogen. (33). Thus, one can sequentially add
iodine to solid (C1O~ with incorporation of variable amounts of I

IT . 
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dependen t upon stoichiomatry and ~onditions, and the physical
properties of the product ((Ca)I

~
]
~ 

vary in a continuous fashion.

Another example of this behavior involves a case where mixed—
valence polymer formation is simaltaneous with crystallizat ion.
Where typical geometries are the same for different oxidation
states of an element , co—crystallization——in effec t solid solu—
tion formation—is feasible. This is sxemplified by the prepara—

— 
tion of hexachloroantimonates (th y) . Compounds of general
fo rmula Cs2Sb 11n~~~_7Sb~12Cl6 were prepared by co—c rysta lliza-
tion of th* appropriate amounts of the singly—valent components.
In this fashion, complexes can be prepared in which th. ratio of
Sbtl/Sb~ is continuously variable from Oil to 1/1 (34).

For the donor—acceptor complex , curves 1 and 2 both predict
the same result , either no or complete charge transfer. Rowever,
for th, partial oxidation reaction curve 2 corresponds to insta-
bility of the mixed valence phase. Stoichiometric control c~n no
longer lead to a mixed—valence material, since if prepared it

• would be unstable with respect to disproportionation to the un—
oxidized and fully oxidized extremes. Synthetic efforts in such
cases will go unrewarded , and probably unreported as wall.

The most interesting case , of course , is represented by curve
3, since here the mixed—valence state is most stable. Predic tions
of the energy at intermediate States are quite difficult. There
is, for examp le, the complication that structural parameters , and
hence the various Cou lombic te rm s , will vary with the degree of
charge—transfer. This has been demonstrated in the case of KCP
analogs, where the Pt—Pt separation is related to the formal
oxidatIon state of the platinum (35). Although detailed calcula-
tions of the energy at intermediate degrees of charge transfer
have not yet bean successful , it is clear that a major factor
will, be the ease of charge transfer in the solid. This in turn
must be related to other measures of electron transfer in donor
and acceptor molecules . Working from this perspective , and
utilizing solution redox potentials, Torrance has been quite
successful in rationalizing and predicting which combinatior., of
donor and acceptor organic molecules will give incomplete chirge
transfer and , consequently , high electrIcal conductivity (3’ .
As in curve 3 in Figure 5 , it is possible that several relative
minima exist , which makes synthetic control a blend of therno—
dynamics and stoichioinetry. This is exemplified by the partial
oxidation of nickel complex., of l,4,5,8,9,12,13,16—occaraethyl—
tetrabenzporphyrin (O~r~3P). 12 oxidation of Ni(OMTEP) leads (36)
to two distinct mixed va lence phases, of composition Ni(~X1T~P)
(13) 0 3 5  and Ni(OMTBP)(13)0 97.

~
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Because the nature of these curves can never be known in
detail , they are in themselves of little direct synthetic utility.
Nonetheless, knowledge of the possibilities can prove to be use-
ful in designing syntheses, as has been demonstrated for the -

donor—acceptor complexes by Torrance (32). Similar predictive
ability should exist for the partial oxidation reactions as well.
Thus , precursors which have availabl e structural sites that can
accoe~ odat e oxidants with little distort ion and with only minor
enthalpy changes should exhibit behavior approaching that of the
ideal solution. Consequently, curves of type 1, and a range of
mixed valence materials dictated by stoichionstry, should result. -

Alternatively, curves of type 2 or 3 are more likely if either
the nature of the oxidant or structural considerations lead to
some specific interaction between the complex and oxidant.
Depending on the bonding or arttibonding nature of that inter—
action—which may be predictable——the mixed-valence state viii be
either stab ilizef or destabilized .

It should be emphasized that in all of these cases , kinetic
factors can obviate any generalizations based on thermodynamic
factors. This is particularly important for reactions involving
solids, because of the low reactant mobility in the solid state.
Thus, many ther odyi~ami ally non—viable mixed—valence materials
have undoubtedly bean prepared , and , similarly, many potentially
stable mixed—valence compounds are simply inaccessible because of
synthetic (kinetic) limitations.

Preparative methods involving partial o:~idation and subse-
quent crystallization have been particularly useful in preparing -

highLy—conducting one—dimensional metal complexes such as KCP.
The post convenient chemical preparation of this compound involves
mixing aqueous solutions of K2Pt(CN)4 and K~Pt(CN)4Br2 (or,
equivalently , adding a sub—stoichiometric amount of Br2 to aqueous -

K2Pt(C:~) ) .  In this case the least solubLe component is the
mixed—valence KCP . Figure 6 demonstrates some of the chemical -

processes which are involved in a reaction such as the formation
of KCP . It is clear that , given the large number of possibili—
ties , it is fortunate that thermodynamics favors the mixed—valence
compound here.

As a point of interest , it may be somewhat surprising that
it is so etines difficult to distinguish between single (homo-
geneous) phase and truly multiple (heterogeneous) phase syntheses
of mixed—vale nce materials. For example , the partial oxidation
of many ‘insoluble” stackad , square—planar d8 transition—metal
complexes may be accomplished by slurrying the singly—valent com-
pound in a solution of an oxidising agent in an inert solvent.
Althouah the reaction may in fact be heterogeneous , involving the
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Figure 6. Processe s involved in the formation of I~CP by the
partial oxidation reaction .

co~plex as the solid only, it is likely that in many cases product
formation is the result of a complex series of equilibria. Thus,

- 
- 

the reaction sequence may involve dissolution of the (insoluble)
polyme r into (soluble) monomers which are then rapidly oxidized
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by the solution—phase oxidizing agent. The fate of the oxidized
monomer may then be either disproportionation or comb ination with
unoxidized monomer to form the insoluble , mixed—valence polymer.
Such processes are therefore strictly typical of a homogensous—
phase oxidation.

In recent years it has been demonstrated that a variation of
this method leads cleanly and easily to certain conducting mixed—
valence polymers. Electrochemical. growth techniques , illustrated
in Figure 7 , are the methods of choice for preparing large single
crystal s of KCP . In this case , the electrod. serves as both the

t.
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~ri
Figure 7. Electrochenical growth of a conducting , mixed—valence



-—

oxidant and the nucleation site for crystal growth. Clearly,
crystalline material will form only if the product is electron—
ically conducting, since only then can electrons migrate from the
crystal/solution interface.

Finally , it seems appropriate to emphasize that not all
mixed—valence compounds need to be synthesized , since some are
natura.lly occurring. A great number of mixed—valence minerals
are known, most presumably forming during the slow crystaUization
processes which led to the formation of the earth’s crust. Mixed—
valenc, compounds are al so formed in biological systems. Included
here are the rton—heae iron proteins which exhibit such a rich
redox chemistry, and also the several animals——homing pigeons ,
honey bees, spirillum bacteria—which appear to possess a magnetic
sense of direction as a result of their growth of single—domain
crystals of magnetite, Fe304 

(37).
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